The 
Introduction
Being able to predict the results of any material treatment (or production) method is essential for this method to become a real technology. For the mechanical alloying (MA) technology, such predictions have to be based on phase equilibrium diagrams and conditions for metastable phase formation, both general (as determined by the theory of phase formation) and peculiar to the given method.
The experimental evidence collected in a review on solid solutions obtained by MA methods [1] was compared with phase diagram data and results of the liquid quenching (LQ) method. It was found that, in most of the systems studied, limiting solubility under the given extreme treatment was either equal or fairly close to the maximum solubility determined by equilibrium phase diagrams. Yet, in some systems, substantial deviations were observed, e.g., the extended solid solution of titanium in nickel [2, 3] .
Since MA is markedly far from an equilibrium processing technique and because of the large thermodynamical driving forces involved in the component interaction, the probability of the formation of metastable phases is especially high. Connected with this, when one considers the role of diffusion and the level of thermodynamic stability of MA products, it would be more instrumental to focus on instances of correspondence between the synthesised products and the known equilibrium phases rather than on the cases of their miscorrelation. This is particularly important for phases, whose position on the phase diagram is theoretically substantiated. One example is the solubility limit of polyvalent elements in 1B group metals (i.e. the Hume-Rothery rule). The reviewed data [1] demonstrate that this rule is observed both under MA and under LQ. These correspondences enable one to view the cases of no correspondence with the equilibrium phase diagram as, above all, thermodynamically consistent (metastable) states. The phase-formation process affecting the component composition has to involve diffusion, i.e., directional movement of atoms under the chemical potential gradient. The key role of lattice diffusion in phase formation during MA was shown for some equilibrium intermetallics [3] . The present paper is devoted to the interplay between the deformation mechanism and interstitial diffusion as well as to the role of vacancies in the phase formation process.
Experimental
Mechanical alloying was carried out in a planetary-type ball mill (AGO-2U) with drum water cooling . The drum was rotated at 685 or 1000 rpm. The sample mass was 10 g and the ball mass (Cr-steel; diameter, 3-5 mm) 200 g. The ambient gas was air and, in some tests, argon. The ball temperature was estimated by computer simulation of ball motion [4] and, at 685 rpm, did not exceed 200 0 C. X-ray diffraction was carried out using a DRON-4 instrument, with Co Kα-(or Cu Kα-) radiation and a graphite single-crystal monochromator for diffracted beams. The powder morphology (Ti + Cr) was studied using a light microscope and micro hardness measurements.
Results and Discussion

The principal function of Severe Plastic Deformation in Mechanical Alloying
The MA course is determined not only by thermodynamic characteristics of the initial state and the final product but also by the kinetic conditions created by cold high-energy plastic deformation. These conditions include first of all the mechanism of plastic deformation itself, because it can account for a certain part of the overall mass transfer. To understand the mechanism of deformation responsible for the MA effect, one should consider side by side different processes of deformation able to give rise to such effects, including ball milling, shear under high pressure and deformation by explosion. It seems that the term highenergy cold deformation is applicable to all of them, so these deformation methods were classified as "specific and failing to be described by the existing theories of solid body deformation" [5] . Indeed, the conventional concepts of mechanisms of crystal plasticity (dislocation movement) and diffusion (through vacancies) do not explain convincingly the high process rates, supposed diffusion mechanism and bearing in mind that the temperature of the reacting material remains close to the room temperature [6] .
In general, mechanical alloying results from the chemical interaction of components. Given that the new phase originates in a series of solid-state reactions proceeding at temperatures close to room ones, it is straightforward to suppose that these reactions occur at the interface of the initial component phases. The role of plastic deformation then would be limited to breaking of the initial material into small particles, roughening of contact surfaces and production of some mechanical activation. Despite the lack of clear-cut models of such activation, the notion of the crucial role of material grinding is quite widespread [7] .
In metal systems, particle dispersion is limited by the high plasticity of the material [8] . On the other hand, because of the high affinity of metals for reciprocal dissolving, chemical interactions occur not only at the interface of adjacent particles but also within their volume. It is obvious that this phenomenon can take place only with a sufficiently high mobility of atoms.
In our papers published in 1992-1996 [9] [10] , a number of observations were made indicating that interstitial atoms are formed (in Ni-and Fe-powders) in the course of ballmilling. Thus, the lattice parameter of coarse-grained Ni powder was found to increase as a result of ball-milling under the conventional MA (without a second component). Having assumed that the reversible part of this increase in the lattice parameter could be accounted for by the formation of interstitial atoms in the course of deformation, which disappear after heating to 200 0 C (annealing), the concentration of interstitial atoms was estimated at 1-2%. It is worth noting that the lattice parameter of ultra fine-grained powder (70 nm) did not to increase at all under ball-milling.
It followed from the studies by Golovin and Tyurin [11] and from those by Indenbom and Orlov [12, 13] that mechanochemical synthesis could not be understood unless plasticity was viewed as a process of generation and movement of interstitial atoms or crowdions.
The well-known fact that alloying virtually stops together with the mill engine, was one of the major arguments in favour of such a view and actually it gave rise to our hypothesis that interstitial atoms were implicated in mass transfer and diffusion during MA.
More than three decades ago, in a theoretical work, Indenbom and Orlov [11, 12] proposed a theory of generation and movement of interstitial atoms (or crowdions) as a mechanism of plastic deformation under large load or (high-rate strain) at low temperatures. The first experimental evidence for this mechanism was obtained in electron microscopy studies conducted shortly afterwards [14] . However this theory did not attract much attention until the late 1990s, when it was employed to analyze plastic deformation during microindentation. Quantitative data on time profiles of deformation and stored energy were obtained only recently in experiments involving concentrated loads (micro-and nanoindenting) [11] .
The late appraisal of this theory could be explained by the lack of engineering interest. We will show that MA is the technology where the Indenbom-Orlov theory does work.
The Key Role of Lattice Diffusion. Interstitial mechanism of diffusion
An unambiguous answer to the effects of the diffusion mechanism among other kinds of mass transfer can be obtained by comparing the experimental mass transfer data with equations of the phenomenological diffusion theory. In the case of mechanochemical synthesis, however, the structural state of the material, the interface area, and the diffusion pathways are changed continuously by plastic deformation. All this makes obtaining quantitative data a hard task. A different approach for elucidating the role of diffusion is to rely on qualitative phase formation features. Thus, it was proposed [3] that the sequence of formation of intermetallics (IM) should be used instead of the numerical values of the diffusing component concentration variation to determine the direction of mass transfer as a function of the duration of treatment. The chemical composition of IM is known and so their formation sequence will reflect the variation of the chemical composition at the diffusion front. If the partial diffusion coefficients are markedly different and the system allows the formation of more than one chemical compound, then the first to emerge will be the one deriving from the low-mobile component. This component (e.g., Ti in Ni+Ti-system) is diluted by atoms of a fast-moving component (here, Ni) until the concentration allowing for the formation of nuclei of the new chemical compound is reached; for the Ni-Ti system, this compound is NiTi 2 . This is what was experimentally found is in full agreement with the relationship of the partial diffusion coefficients available from high-temperature measurements: the diffusivity of Ni into Ti is at least two orders of magnitude greater than that of Ti into Ni [15] . If the concentration of the fast component in the initial powder mixture is larger than the homogeneity limit of the first IM, diffusion goes on and at some level of supersaturation, in accordance with the general theory of phase formation and the theory of reaction-diffusion; the next IM-phase nucleates and starts to grow. Diffusion of the fastmobile component continues in the same direction (i.e., into the phase containing a lowmobile component).
We identified several two-component systems for which data were available on equilibrium phases, phase diagrams, synthesis products (our own data or borrowed from literature), and partial diffusivities, the latter obtained by conventional methods in interdiffusion studies, through high-temperature annealing.(mainly, from the Metal Reference Book, by C. Smithells)
This choice, of course, derived from an assumption that there was something common in the diffusion mechanisms at high (thermal activation) and low temperatures (additional mechanical activation). This common feature consists above all in the lattice nature of the diffusion, involving point imperfections. Whenever interstitial atoms play a significant part in diffusion, the partial diffusion coefficients have to be markedly different. In this work, a sequence of phases was studied for systems with the ratio of partial diffusivities ranging from D A /D B = 1.5 to ~100 (the Cr-Ti and Ni-Ti systems, respectively).
The results of this study unambiguously showed that the formation of phases in all the systems considered (Ni-Ti, Ni-Nb, Al-Ti, Cr-Ti, and Fe-Sn) was determined by lattice diffusion, given that the first phases to emerge were IMs based on the low-mobile component (Ti, Nb, Sn) in accordance with the known ratio of partial diffusivities [3] . Under the conditions of powder treatment in a high-energy ball mill, the mechanism of lattice diffusion by means of continuously generated interstitial atoms is the most likely, if not the only one, plausible.
This conclusion is confirmed by comparing the orders of magnitude of the Nidiffusion coefficients in the mechanochemical synthesis of NiTi 2 [10] and in the amorphization reaction of the Au/La diffusion pair [16] . For the latter system, not only the partial Au -diffusion coefficient was known but also the interstitial diffusion mechanism was definitely shown to be active.
The order of magnitude of the diffusion coefficient under mechanical activation was estimated from the expectation time (ball-milling duration) for the first particles of the NiTi 2 intermetallic to appear. To be more accurate, from the appearance time of a Bragg reflection at the site of the strongest line of NiTi 2 (115). Bearing in mind the sharpness of the line, the particle size of the new phase (and the diffusion path) was estimated at 100 nm. The treatment duration before the appearance of the reflection was 1-5 min. Assuming it to be 100 s, we found D~10 -12 cm 2 /s. A similar order of magnitude of D was obtained from data on the diffusion annealing of an Au + La composite with a layer width of ~10 nm, at the temperature T = 50-80 0 C [16] , temperature ranges in both cases are roughly equal, and so it can be supposed that, both under thermal (Au diffusing into La) and mechanical activation (Ni diffusing into Ti), diffusion proceeds by means of interstitial atoms.
Experimental evidence to support the proposed mechanism of synthesis reactions under thermal and mechanical activation can be found in [17] , where the similarity of these two processes was convincingly shown. In this work, amorphization of the Ni + Zr mixture under mechanical activation was carried out up to a given degree of transformation upon which the powder was placed in a DSC apparatus and heated at a steady rate. The authors show that amorphization of the part of the mixture that failed to react in the drum (until the mill was stopped) continued inside the calorimetric cell under heating, that is under thermal activation. A common feature of all the three systems mentioned above is a marked asymmetry of component diffusivities under normal conditions (particularly so, for Au-La), which is typical for the diffusion involving interstitial atoms (Fig.1) . This asymmetry can, apparently, become more prominent under mechanical activation or significant, if it was not manifested under thermal activation [18] . This fact explains the potential applicability of the MA technology to a wide range of systems.
The transformation under annealing conditions after mechanical alloying
With some systems, subsequent heating of the MA product brings its phase state closer to equilibrium. Hence, the question arises concerning the reasons for which this equilibrium state is not reached in the course of MA. The first necessary condition for any system-the sufficient diffusion mobility-is provided by the continuous production of interstitial atoms. There is, however, another important condition: a sufficiently strong thermodynamical driving force to overcome the energy barriers for nucleation and growth of a new phase [18] .
It is known that intermetallics with complex crystal structures fail to nucleate without the participation of vacancies. For this reason, a new phase does not form in MA, particularly for low values of the Gibbs energy and under a weak thermodynamical driving force. The formation of IM (i.e., its precipitation from a supersaturated solid solution) can occur under thermal annealing after mechanochemical synthesis, at a point when the concentration and mobility of vacancies become sufficient (e.g., Cr 2 Ti at 650-750 o C). The major barrier at low temperatures and widely different specific volumes of the original and new phases is associated with the elastic deformation energy. If the new phase has a smaller volume, the elastic deformation is compensated by the inflow of interstitial atoms. On the other hand, the formation of a phase with a larger volume than the matrix phase is facilitated due to the inflow of vacancies. If the thermodynamical driving force is too low the process can not occur during MA but becomes possible under heating to temperatures at which elastic deformations can be compensated by the inflow of vacancies possessing increased mobility.
The delay in the formation of the amorphous phase and its precipitation under heating (at 550-650 o C) was observed in the Ti-Cr system. An amorphous phase was formed from a matrix with a BCC lattice under a relatively small thermodynamic driving force, when the supply of vacancies is needed. This example is interesting not only because it explains the socalled "spontaneous amorphization" under heating but also because it provides reliable (even if indirect) evidence for the immobility of vacancies at low temperatures in mechanical alloying by ball milling. This, in turn, confirms the interstitial nature of the diffusion process in MA.
Conclusions
1. The deformation conditions in a high-energy ball mill, i.e. heavy loading and high strain rates, at temperatures close to room temperature are similar to the ones under which according to the Indenbom-Orlov hypothesis, the mechanism of plastic deformation involving interstitial atoms could be effective. Under the conditions of powder treatment in a high-energy ball mill, the mechanism of lattice diffusion by means of continuously generated interstitial atoms is the most likely, if not the only one.
2.The prevailing diffusion of one of the components undergoing deformation in a high-energy ball mill is observed even with elements having close positions in the Periodic table and roughly similar diffusivities at elevated temperatures (in the Ti-Cr system, the fast element is Cr). Consequently, in addition to the usual thermal activation, diffusion can also be activated by mechanical treatment in a high-energy ball mill due to generation of interstitial atoms (mechanical activation).
3. An amorphous phase does not form during the MA process of the Ti-Cr system (amorphous modification of the Laves phase) because of large difference between specific volumes of the amorphous phase and crystal matrix. In order to compensate the elastic deformation, a supply of vacancies must be provided, and, for this reason, amorphization can occur only under annealing after MA (the effect of "spontaneous amorphization"). This effect provides evidence for the absence of sufficient mobility of vacancies under MA conditions. 
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